Abstract
Introduction
Advanced glycation end products (AGEs) are a heterogeneous group of bioactive compounds endogenously generated by a nonenzymatic reaction between reducing sugars and amine residues on proteins, lipids, or nucleic acids [1, 2] or exogenously inhaled from cigarette smoking [3] or ingested from diets [4] . Several previous studies showed that AGE accumulation may be clinically important in the pathogenesis, prediction, and prevention of cardiovascular-metabolic disease [5] [6] [7] .
AGEs are usually assessed biochemically by measuring plasma concentration of one or more components of AGEs, such as pentosidine, carboxyethyl lysine, N -carboxymethyl lysine (CML), etc. [1] . These biochemical measurements were found to be correlated with arterial properties [8] [9] [10] and predictive of cardiovascular events [5] [6] [7] 11] . Indeed, we previously found in our general population cohort that plasma AGE concentration was higher with advancing age and with higher serum total-to-high-density lipoprotein (HDL) cholesterol ratio [9] , and was associated with arterial wave reflections [9] , pressure amplification [12] , and arterial stiffness [9] . However, circulating AGEs are not only dependent on the endogenous production but also on the ingestion [4] and excretion [13] . Therefore, it may not accurately reflect the accumulation in tissues. Certain dermal AGEs possess autofluorescent properties, such as pentosidine [14] . The measurement of skin autofluorescence may behave as a marker of tissue accumulation of AGEs. A device was developed with a proprietary algorithm for the assessment of forearm skin autofluorescence as a measure of tissue AGE accumulation [14] . The device allows rapid, low-cost, noninvasive estimation of AGE accumulation and has been validated in a skin biopsy study of healthy subjects [14] .
Recent studies with this device measurement alone suggested that skin autofluorescence was associated with intermediate [15] [16] [17] and clinical cardiovascular outcomes [18, 19] . However, the device-based skin autofluorescence and biochemical plasma measurements of AGEs have been rarely investigated simultaneously for their clinical relevance with regard to associations with known cardiovascular risk factors and arterial stiffness [20] . In the present study, we compared skin autofluorescence and plasma AGE concentration with particular focus on their levels in the presence of hypertension or diabetes and prediabetes, and their associations with arterial stiffness as assessed by carotid-femoral pulse wave velocity (cfPWV).
Methods

Study Population
Our study subjects were consecutive patients who were referred for ambulatory blood pressure monitoring to Ruijin Hospital, Shanghai, China [21, 22] . The study protocol was approved by the Ethics Committee of Ruijin Hospital, Shanghai Jiaotong University School of Medicine. All participants gave written informed consent. Between July 2013 and June 2015, 243 patients were enrolled in the study of skin autofluorescence and plasma AGE concentration. We excluded 25 participants from the present analysis because their skin autofluorescence ( n = 13) and/or plasma AGE concentration ( n = 17) could not be successfully measured. Thus, the total number of participants included in the present analysis was 218.
Skin Autofluorescence and Plasma AGE Concentration
Skin autofluorescence was assessed using the skin autofluorescence Reader (DiagnOptics Technologies BV, Groningen, The Netherlands). This noninvasive method is completely automated. The autofluorescence Reader illuminates a skin surface of 1 cm 2 with an excitation light source of 300-420 nm. The emission light and the reflected excitation light from the skin are measured using a spectrometer (model PC-1000 fiber optic spectrometer; Ocean Optics, Dunedin, FL, USA). Autofluorescence is calculated as the average light intensity per nanometer in the range between 420 and 600 nm, divided by the average light intensity per nanometer in the range between 300 and 420 nm, multiplied by 100 and expressed in arbitrary units in the range from 0 to 25.
In our study, a series of 3 consecutive measurements were performed on both forearms ( n = 76) or on the left forearm only ( n = 142) at about 5 cm distal to the elbow fold. The whole measurement process took less than a minute. Mean skin autofluorescence was calculated from the 3 consecutive measurements on the left arm and used for the analyses. In our reproducibility study ( n = 39), the intrasubject, intersession coefficient of variation was 11.2%, slightly higher than previously reported (5%) [14] .
Plasma AGE concentration was measured by the enzyme-linked immunosorbent assay method (AGEs ELISA Kit, Cusabio Biotech, Wilmington, DE, USA) as described previously [9, 12] . The intra-and interassay coefficients of variation were 9.9 and 10.9%, respectively.
Carotid-Femoral PWV
cfPWV was measured by applanation tonometry (Millar tonometer: SPC-301; Millar Instruments, Houston, TX, USA). Subjects were asked to refrain from smoking, drinking alcohol or caffeine containing beverages and rigorous exercise for at least 2 h before the examination. The arterial waveforms were sequentially recorded at the carotid and femoral arterial sites using the SphygmoCor device (AtCor Medical, West Tyde, NSW, Australia) after the subjects had rested for about 10 min in the supine position. With the simultaneously recorded electrocardiogram (lead II), the time delay between the foot of the two pressure waveforms was taken as the transit time between carotid and femoral arterial sites. The distance traveled by the pressure wave was the difference between the distances from sternal notch to the femoral location and from sternal notch to the carotid location. cfPWV was calculated as the distance traveled divided by the transit time. The intraobserver coefficient of variability was 2.5% for the cfPWV.
Questionnaire, Anthropometry, and Other Clinical and Laboratory Measurements
A trained technician administered a standardized questionnaire to collect information on each participant's medical history, smoking and drinking habits, and use of medications. Body height was measured to the nearest 0.5 cm. Body weight was measured while they wore light indoor clothing without shoes for measurement. Body mass index was calculated as the body weight in kilograms divided by the body height in meters squared.
Clinic blood pressure was measured by an experienced physician with the Omron HEM-7051 monitor (Omron HealthCare, Kyoto, Japan). After the participants had rested for at least 5 min in the sitting position, 3 consecutive blood pressure readings were obtained according to the recommendations of the European Society of Hypertension [23] . These 3 blood pressure readings were averaged for analysis. Hypertension was defined as a blood pressure of at least 140 mm Hg systolic or 90 mm Hg diastolic.
Venous blood samples were drawn after overnight fasting for biochemical measurements. Plasma glucose concentration and serum total and HDL cholesterol and serum triglycerides were measured using a clinical chemistry automatic analyzer (Hitachi 7600020, Tokyo, Japan). Diabetes mellitus was defined as a plasma glucose concentration of at least 7.0 mmol/L fasting or 11.1 mmol/L at any time or as the use of antidiabetic agents. Prediabetes was defined as a plasma fasting glucose in the range of 6.1-6.9 mmol/L.
Statistical Analysis
For database management and statistical analysis, we used the SAS software (version 9.2; SAS Institute, Cary, NC, USA). Departure from normality was tested by the Shapiro-Wilk statistic. Plasma AGE concentration was logarithmically transformed for statistical analysis. For comparison of means and proportions, we performed the Student t test and the χ 2 test, respectively. We performed stepwise multiple regression analyses to search for possible correlates of skin autofluorescence and plasma AGE concentration with the p value for covariables to enter and stay in the model set at 0.10. We assessed the interrelationship between skin autofluorescence and plasma AGE concentration, while accounting for the confounding factors. We also performed multiple regression analyses to study associations of skin autofluorescence and plasma AGE concentration with cfPWV.
Results
Characteristics of the Study Population
The 218 participants included 96 (44.0%) men and 105 (48.2%) hypertensive patients who did not take any antihypertensive medication. Men, compared with women, were younger (-4.5 years, p = 0.01) and had a significantly ( p < 0.001) greater body mass index (+1.5), higher proportions of current smoking (31.9 vs. 0.8%) and alcohol intake (34.0 vs. 3.4%), and higher levels of diastolic blood pressure (+2.7 mm Hg), serum total-to-HDL ratio (+0.40) and triglycerides (+0.36 mmol/L), and serum creatinine (+16.7 μmol/L) and uric acid (+80.7 μmol/L). They had similar ( p ≥ 0.15) systolic blood pressure (136.9 mm Hg), pulse rate (72.5 beat/min), prevalence of hypertension (52.5%) and diabetes or prediabetes (15.5%), fasting plasma glucose (5.33 mmol/L), and serum total cholesterol (5.55 mmol/L).
Men, compared with women, had significantly ( p ≤ 0.001) higher levels of skin autofluorescence (2.00 vs. 1.81 arbitrary units) and plasma AGE concentration (6.73 vs. 3.60 μg/mL). They had similar cfPWV (7.97 vs. 7.98 m/s, p = 0.94). Skin autofluorescence ( r = 0.24, p < 0.001) and cfPWV ( r = 0.36, p < 0.001), but not plasma AGE concentration ( r = 0.07, p = 0.34), were significantly higher with advancing age ( Fig. 1 ) .
Interrelationship between Skin Autofluorescence and Plasma AGE Concentration
Skin autofluorescence was significantly correlated with plasma AGE concentration in diabetic or prediabetic patients ( n = 31, r = 0.37, p = 0.04; Fig. 2 ) but not nondiabetic subjects ( n = 187, r = -0.05, p = 0.48). Nonetheless, both AGE measurements were significantly ( p ≤ 0.04) higher in the presence of diabetes or prediabetes (2.03 arbitrary units and 6.61 μg/ml, respectively) than normoglycemia (1.87 arbitrary units and 4.17 μg/ml, respectively; Fig. 3 ) .
In further analyses, we first categorized the study subjects into four groups according to the median levels of the two AGE measurements ( Table 1 ) . These 4 groups differed signifi- cantly in age, proportions of men, current smoking and alcohol intake, prevalence of diabetes and prediabetes, and serum triglycerides and creatinine ( p ≤ 0.04), with consistently higher levels in the group with both of the AGE measurements above the median. When the 2 groups with only 1 of the two AGE measurements above the median were compared, statistical difference was observed in current smoking and pulse rate ( p ≤ 0.04). We then performed continuous analyses to investigate correlates of these two AGE measurements. In stepwise multiple regression analyses, we considered sex, age, body mass index, current smoking and alcohol intake, fasting plasma glucose, serum total-to-HDL cholesterol ratio, serum triglycerides, serum creatinine and uric acid, the presence of diabetes or prediabetes, and the presence of hypertension. Skin autofluorescence was higher in men (+17%, p = 0.003) and those with advancing age (+11% per 10-year increase, p < 0.001), current smoking (+18%, p = 0.02) and diabetes or prediabetes (+13%, p = 0.09). Plasma AGE concentration was higher in men (+33%, p < 0.001) and those with diabetes or prediabetes (+17%, p = 0.03), advancing age (+4% per 10-year increase, p = 0.06), and currently smoking (+14%, p = 0.09; Table 2 ).
Relationship of cfPWV with Skin Autofluorescence and Plasma AGE Concentration
Before adjustment, plasma AGE concentration was significantly associated with cfPWV ( r = 0.15, p = 0.02). This association was stronger ( p < 0.001 for interaction) in the presence ( r = 0.42, p = 0.02) than the absence ( r = 0.08, p = 0.28) of diabetes or prediabetes ( Fig. 4 ) , and Values are presented as mean ± standard deviation, median [interquartile range] or number of subjects (%). For definitions of hypertension, diabetes, and prediabetes, see Methods. * p < 0.05 vs. the group with both skin autofluorescence and plasma AGEs concentration below median. † p < 0.05 between the group with skin autofluorescence below median and plasma AGEs concentration above median and the group with skin autofluorescence above median and plasma AGE concentration below median. AF, autofluorescence; AGEs, advanced glycation end products; HDL, high-density lipoprotein; cfPWV, carotid-femoral pulse wave velocity. In a stepwise multiple linear regression model, we considered age, sex, body mass index, current smoking and alcohol intake, fasting plasma glucose, serum total-to-HDL, serum triglycerides, serum creatinine and uric acid, and the presence of hypertension and diabetes or prediabetes for entry and stay at a significance level of p ≤ 0.10. For definitions of hypertension, diabetes, and prediabetes, see Methods. The variables are listed in the descending order of statistical significance. HDL, high-density lipoprotein; AGE, advanced glycation end product. Association of skin autofluorescence ( a ) and plasma advanced glycation end product (AGE) concentration ( b ), respectively, with carotid-femoral pulse wave velocity (cfPWV) according to the presence or absence of diabetes or prediabetes. A regression line was drawn. Correlation coefficients and their p values are given for diabetes or prediabetes (dots with full line) and normoglycemia (circles with dashed line), separately. The p value for the interaction between skin autofluorescence or plasma AGE concentration and the presence or absence of diabetes or prediabetes in relation to cfPWV is also given ( p int ).
in sex-specific analyses, was significant in men ( r = 0.22, p = 0.03) but not women ( r = 0.15, p = 0.10). After adjustment for sex, age, body mass index, current smoking and alcohol intake, mean arterial pressure, pulse rate, fasting plasma glucose, serum total-to-HDL cholesterol ratio, serum triglycerides, serum creatinine and uric acid, and the presence of hypertension, as appropriate, the results were confirmatory. For each 10-fold increase in plasma AGE concentration, cfPWV increased in all subjects by 0.44 m/s ( p = 0.04) and in subgroups of men and patients with diabetes and prediabetes by 0.51 and 3.01 m/s ( p ≤ 0.02), respectively. However, for skin autofluorescence, none of the associations with cfPWV reached statistical significance, either before or after adjustment, in all subjects or in various subgroups ( Fig. 4 ; p ≥ 0.37).
Discussion
The main finding of our study was that skin autofluorescence and plasma AGE concentration were correlated with each other only in subjects with diabetes or prediabetes but not in those with normoglycemia. Nonetheless, the 2 AGE measurements had very similar determinants. In adjusted analyses, both measurements were higher with advancing age, in men than women, in patients with diabetes or prediabetes than subjects with normoglycemia, and in current smokers than nonsmokers. Plasma AGE concentration but not skin autofluorescence was positively associated with arterial stiffness in men and in subjects with diabetes or prediabetes.
AGE accumulation, as assessed by plasma AGE concentration, is a proven marker of arterial disease [8] [9] [10] [11] [12] and predictor of cardiovascular morbidity and mortality [5] [6] [7] . There is also some evidence that intervention of AGE formation may attenuate arterial lesions or reduce arterial stiffness [24, 25] . Skin autofluorescence as a measure of AGE accumulation is apparently a step forward in the assessment of AGEs in tissues. The condition is that this noninvasive device measurement of AGEs has to offer the same value of disease prediction as plasma AGE concentration.
An earlier study validated this skin autofluorescence method against skin biopsies on the same site of the arm for collagen-linked fluorescence and specific AGEs, such as pentosidine, carboxyethyl lysine, and CML [14] . In this particular study, skin autofluorescence was closely correlated with collagen-linked fluorescence and with the specific AGEs, with correlation coefficients greater than 0.40. However, 2 subsequent studies did not show significant association between skin autofluorescence and plasma concentration of AGEs in patients with type 1 diabetic mellitus (n = 68) [20] or systemic lupus erythematosus (n = 9) [26] . These latter observations are in line with the overall results of our study. However, when plasma AGE concentration and skin autofluorescence were high, for instance, in the presence of type 2 diabetic mellitus in our study, skin autofluorescence was indeed significantly associated with plasma AGE concentration. In addition, a previous study found that skin autofluorescence was associated with the metabolic profile 10 years prior to, but not at the time of, the measurement [27] , suggesting that skin autofluorescence is an indicator of long-term AGE accumulation in the body.
Our finding on the similarly elevated levels of skin autofluorescence and plasma AGE concentration in the presence of diabetes and prediabetes is in line with the results of several previous studies [2, 27, 28] , and may have straightforward explanations. With regard to gender difference, our current study and some previous studies showed higher levels of skin autofluorescence in men. However, other studies did not show gender difference [29] or even showed higher levels of AGEs in women [30, 31] . In addition to inadequate power because of small sample size, several other factors might play a role. First, estrogen may be a protective factor against AGE accumulation [32] . Although most (75%) of our female participants were older than 45 years, estrogen protection in the early years of life may still show a difference in the levels of AGEs and even in the association with arterial stiffness at older age. Second, cigarette smoking can be a confounding factor. Cigarette smokers had higher levels of AGEs than nonsmokers in the present and previous studies [3, 33] . Most of our male subjects were smokers. However, the gender difference in the levels of AGEs in our study remained statistically significant even after adjustment for current smoking. Third, skin color may influence the measurement of skin autofluorescence differently between men and women in the Chinese population. Dark skin color may cause autofluorescence measurement failure. Chinese men usually have darker color than Chinese women. In a Chinese methodological study, the frequency of measurement failures was higher in men than women (21.5 vs. 11.0%, p < 0.01) [29] .
Why only plasma AGE concentration but not skin autofluorescence was associated with cfPWV is not understood. A speculative explanation is that plasma AGE concentration measures the AGEs in the circulation, and might therefore have a direct effect on blood vessels. However, a previous study that simultaneously investigated the relationship of skin autofluorescence and plasma AGE (CML) concentration with cfPWV in patients with type 1 diabetes mellitus showed a significant association for the former but not the latter measurement of AGEs [20] . In addition, even the studies with plasma AGE concentration produced contradictory results [8] [9] [10] [11] [12] 34] . In our previous population study, plasma AGE concentration was associated with arterial wave reflection [9] and pressure amplification in all subjects [12] , but with cfPWV only in subjects older than 70 years [9] . In a study of 102 normoglycemic subjects, plasma CML concentration was not associated with cfPWV [34] . In our current study, a significant association for plasma AGE concentration was observed in patients with diabetes or prediabetes but not in subjects with normoglycemia. Most of the studies with skin autofluorescence showed a significant association with arterial stiffness [35] [36] [37] . However, the possibility of publication bias with this relatively new technique cannot be entirely excluded.
Our study has to be interpreted within the context of its limitations. First, our study is cross-sectional and therefore does not allow us to draw any causal inference. Second, our study had a relatively small sample size and might be inadequately powered to detect weak association between skin autofluorescence and cfPWV.
In conclusion, although skin and plasma AGEs were similarly elevated in men and in the presence of diabetes or prediabetes, they might measure something different and have different clinical relevance, such as for arterial stiffness.
